Introduction
Conventionally, development on optical communications have focused on the C-and L-bands due to the low optical power attenuation and the availability of high performance optical fiber amplifiers in these bands. The 11 THz of bandwidth of the C-and L-bands combined has been used extensively with the development of dense wavelength division multiplexing (DWDM), polarization multiplexing, and advanced modulation technologies [1] . However, a far wider bandwidth to the conventional bands would be a very promising solution. It could be utilized to implement scalable optical interconnects towards exascale datacenters [2] or a metro/access network system with various parallel services [3] using wavelength division multiplexing (WDM) technology. Recently, the T-band (Thousand-band:1.00-1.26 μm), which offers more than 60 THz worth of bandwidth, has been developed as a potential wavelength resource for an ultra-broadband short reach communications [4] [5] [6] [7] [8] [9] . The relatively large optical power attenuation of optical fibers would constrain the reach of a system employed in this band, but the abundance of bandwidth would enable transmission capacity comparable to the conventional bands to be achieved with a more simpler configuration. Moreover, advances in quantum dot (QD)-based wavelength tunable lasers (WTLs) and semiconductor optical amplifiers (SOAs) with particularly wide gain bandwidth and flexibility in arranging the gain peak as desired further support the possibility of realizing ultra-broadband WDM systems operating in the T-band [10, 11] . Recent reports regarding the T-band include a transmission line with a holey fiber structure being deployed for an all-band photonic transport system [5] , various broadband laser sources based on QD structures [6] [7] [8] , and arrayed waveguide grating (AWG)-based de/multiplexers [9] .
Signal interconnection based on wavelength routing is the key for future high-capacity and low-latency WDM networks. In particular, a N  N passive wavelength router with fullmesh connection capability, usually in the form of an N  N cyclic AWG, is a very useful device that can be utilized in star-topology networks [12] [13] [14] [15] , large-scale and highlyfunctional WDM networks [16, 17] , optical interconnects in data center and high-performance computing [18] [19] [20] [21] [22] [23] [24] , etc. However, the transmission properties of an AWG prevent it from being scaled up to a significant extent in terms of bandwidth for practical application in ultrabroadband WDM networks, mostly due to intrinsic passband peak deviation (PPD) from a uniformly spaced channel grid [25] . Various approaches on suppressing the PPD include a uniform-loss cyclic-frequency (ULCF) AWG configuration [12, 26] and cascading multiple AWGs to form larger-scale full-mesh wavelength router [18, 19, 26] .
In this paper, we propose a 3-stage AWG design to construct a highly scalable full-mesh wavelength router that completely encompasses the T-and O-bands, which has more than 79 THz of combined bandwidth. The wavelength router is based on a combination of waveband and channel routing using coarse (15.6 nm spacing) and (0.2 nm spacing) fine AWGs, respectively. Such routing configuration has previously been reported [27, 28] , where multiple fine AWGs are cascaded to a single coarse AWG to form a large-scale 1  N de/multiplexer. In our proposal of an N  N wavelength router, we use an array of fine AWGs sandwiched between an array of course AWGs on either side. This paper discusses in detail the router architecture, optical fiber configuration, and various considerations on designing the AWGs. We also demonstrate the feasibility of the 3-stage wavelength router by constructing parts of the router using T-band-specific AWGs and QD-based SOAs, as well as transmitting optical signals through the system. We measured bit error rate (BER) curves of the system and performed wavelength routing via wavelength tuning. The power penalties for several wavelengths throughout a range of 28 nm were around 0.5 dB to 1 dB and tuning time within a single 9.4-nm-wide waveband was below 400 ms. Figure 1 shows a schematic diagram of an N  N non-blocking wavelength router. In this paper, we define an N  N wavelength router as a wavelength router with N input ports, N output ports, and supports wavelength routing of N number of channels. In general, the fundamental requirements of this router can be described as follows:
3-stage wavelength router configuration
 N number of wavelengths being input into each input port should be demultiplexed into N output ports.  Each output port should multiplex N number of wavelengths, i.e. no identical wavelength should enter any single output port. It is important to note that although the output wavelengths shown in Fig. 1 are arranged in a cyclical manner throughout all output ports, we do not consider the wavelength arrangement as a requirement for our wavelength router, i.e. it is acceptable for any wavelength from any input port to be output to any output port as long as both of the aforementioned conditions are satisfied. An N  N cyclic AWG is one of the most promising candidate for, and has widely been used as an N  N non-blocking wavelength router in various types of networks [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , as both of the aforementioned conditions can be innately satisfied by designing the free spectral range (FSR) to be N times the channel spacing, albeit having larger PPD from a uniformly spaced channel grid with larger channel count [25] . A non-uniform channel grid could mitigate the PPD, but fine wavelength tuning of laser sources to accommodate for the channel grid would be complicated. Furthermore, although cyclic AWGs with higher channel scalability have been proposed [12, 26] , chip size limitations would make fabrication of ultra- broadband cyclic AWGs suitable for T-band application practically impossible.
Therefore, we opted to cascade 3 stages of AWGs to form the desired wavelength router. The router architecture and channel allocation are depicted in Figs. 2(a) and 2(b), respectively. There are K channels in each of the M wavebands with a certain range of guard band between wavebands in which we will discuss the rationale later in subsection 3.2. This implies that the total number of supported channels for the wavelength router is MK = N. For viewing convenience, we illustrated the wavelength router architecture in the form of M number of layers. In each layer, there are K number of coarse AWGs for the first and third stages, and M number of fine AWGs for the second stage. The inputs of all the coarse AWGs in all of the layers represent different ports of the router, i.e. there is a total of MK number of ports. All of the coarse AWGs are identical, while the fine AWGs are waveband-specific, where in each layer there are M number of fine AWGs designed to support each of the M wavebands. If transmission signals are considered to travel from left to right, the first stage of coarse AWGs will separate MK number of channels into M wavebands and distribute each waveband to its corresponding fine AWG in the second stage. Each fine AWG will receive K channels of a single waveband from K number of different coarse AWGs and route all of the signals in a similar fashion to the N  N wavelength router shown in Fig. 1 . The coarse AWGs on the third stage will then multiplex M wavebands, received from M number of fine AWGs of the second stage, onto a single output port, where there are K channels per waveband.
Optical fiber interconnections between the first and second stages of AWGs are done within each corresponding layer, i.e. no interconnection between different layers is required, and all layers have an identical layout. However, the interconnections between the second and the third stages of AWGs require inter-layer interconnections. Proper attention should be given in interconnecting the AWGs between the stages to ensure that a full-mesh wavelength router is achieved. In general, appropriate interconnections should satisfy the following conditions:
 Output ports of the m th (m = 1, 2, 3,…M) fine AWG on the second stage should always be connected to the m th input port of the coarse AWGs in the third stage.  All MK number of output ports of all of the fine AWGs on the second stage of a particular layer should each be connected to MK number of different coarse AWGs on the third stage. Figure 3 illustrates an example of appropriate interconnections for a 12  12 wavelength router, where K = 4 and M = 3. This way, the MK channels being input into each input port can be demultiplexed onto the MK output ports. The number of AWGs required for the first, The output ports of the 1 st , 2 nd , and 3 rd fine AWGs of the 2 nd layer are each connected to coarse AWGs on the 2 nd , 3 rd , and 1 st layer, respectively. In a similar fashion, the output ports of the 1 st , 2 nd , and 3 rd fine AWGs of the 3 rd layer should be connected to coarse AWGs on the 3 rd , 1 st , and 2 nd layer, respectively. second, and third stage to achieve full-mesh interconnection are MK, M 2 , and MK, respectively, making a total of 2MK + M 2 number of AWGs required for the wavelength router. On the other hand, the number of optical fiber interconnections required between any two stages, between 1 st and 2 nd or 2 nd and 3 rd , is M 2 K, making the total number of interconnections 2M 2 K. Figures 4(a) and 4(b) show the total number of AWGs and optical fiber interconnections, respectively, required to construct a full-mesh wavelength router with MK number of channels using the proposed architecture. Note that it is critical that the number of channels of the fine AWGs, K, be as large as possible to reduce the total number of AWGs and interconnections required, and simplify the overall configuration. However, it is worth noting that increasing the channel count of an AWG generally causes the physical size to also increase, especially when supplementary components, such as the 2  1 couplers used in ULCF-AWG [12, 26] , are needed for scaling up. There is also the possibility that multiple AWG chips could be integrated together to reduce the number of components, where the level of integration would generally depend on AWG size and layout. Therefore, these factors should also be considered when deciding M and K. Also, note that as the value of K approaches MK, the total number of AWGs will approach 2MK, although obviously if a fine AWG with K = MK number of channels could be realized, a full-mesh wavelength router could then be achieved using that single AWG.
Network specification considerations

Wavelength dependence properties of ultra-broad T-and O-bands
Designing an optical device able to operate in a combined broad bandwidth of T-and O-bands requires proper attention to the consequences of the very large wavelength dependent properties. core effective refractive index, neff, and mode field diameter (MFD) for 3 different refractive index differences,  = 0.75%, 1.00%, 1.50%, throughout T-and O-bands, where square waveguides with dimensions suitable to suppress multimode occurrence were assumed. The neff change from  = 1.00 m to  = 1.36 m was more than 0.006 for all . The high wavelength dependence of neff, along with the value of wavelength itself, produces a wavelength-dependent propagation constant, which results in a highly-wavelength-dependent MFD. As shown in Fig. 5(b) , the MFD expands around 1 m, 1.3 m, and 2.1 m for  = 0.75%, 1.00%, and 1.50%, respectively, from  = 1.00 m to  = 1.36 m. This wavelength dependence of MFD is especially significant in that it restricts the usage of multimodeinterference-based and directional-coupling-based waveguide structures, which is often used in adding certain functions or improving certain properties in a planar lightwave circuit (PLC), as both are very sensitive to the MFD of a propagating light.
Coarse AWG passband profile flattening for better spectral efficiency
When designing a system based on multiple channels within a waveband, a very crucial factor to consider is the achievable passband flatness of the coarse AWG. The less flat the passband is, i.e. the more it approaches the regular Gauss-like profile, the less uniform the insertion loss of the channels within that waveband will be. As such, channels at the edge of the band would suffer more losses and larger crosstalk than the central channels due to the curving nature of the passband. Therefore, we introduce a guard band region between neighbouring wavebands, as shown in Fig. 2(b) . The guard band region represents a wavelength region where none of the wavelengths are used as a channel for the system, hence does not demand any level of transmission and crosstalk performance from the coarse AWG. The larger the 1-dB bandwidth to waveband spacing ratio for a coarse AWG could be achieved, the less guard band region is required, and the more spectral efficient the system will be. Extensive studies have been done regarding AWG passband flattening that include using customized waveguide profiles at the slab boundary [29, 30] , non-uniform arrayed waveguides [31, 32] , multiple input waveguides connected to interferometers [33] [34] [35] , and two interconnected AWGs with waveguide lenses [36] . Customizing waveguide profiles at the slab boundary requires the least physical space but the achievable flatness is quite limited [29, 30] . It is also very sensitive to MFD as this technique generally involves multimode interference. A solution to the wavelength-dependent MFD is to employ customizations on the output waveguides (the waveguides where signals are separated into wavebands) instead of the input waveguide. This would allow each waveguide to be customized according to the average MFD of each waveband. On the other hand, using multiple input waveguide ports connected to interferometers offers better bandwidth but also suffers from MFD's wavelength dependency as it utilizes many directional couplers [33] [34] [35] . Interconnecting two AWGs with waveguide lenses is thought to be the most reliable when employed for an ultra-broad bandwidth as its mechanism does not involve any multimode interference and directional coupling [36] . It also allows very sharp passband transitions to be achieved, given that very large chip size is possible. Besides the aforementioned approaches, we could also consider employing a coarse AWG with very wide Gaussian passbands to enlarge the 1-dB bandwidth, and connect each of its output waveguides to waveband-specific bandpass filters, which can be constructed by cascaded mach-zehnder interferometers (MZI) [37] , to reduce the crosstalk in neighbouring wavebands. The cascaded MZI also offers flat passbands with very sharp transitions given that very large number of MZI stages is allowed.
Suppressing PPD with appropriate channel spacing and channel count
Several other important considerations that should be determined in advance are whether to employ a channel grid equally spaced in wavelength or frequency, the channel spacing, f or , and the number of channels in each waveband, K, which are all correlated through their implication on the PPD of the AWGs. We calculated the maximum PPD,  or f, normalized to channel spacing,  or f, of AWGs with different parameters when used on cchannel grids equally spaced in frequency and wavelength. Figure 6 shows the results, where normalized maximum PPD (PPDmax) is denoted as |f/f|max or |/|max. In Figs. 6(a) and 6(b), it is apparent that the PPDmax rises with the number of channels and channel spacing, i.e. it rises with the amount of free spectral range (FSR) designed for the AWG. The number of channel, K, should then be as large as our system permits of the PPDmax to reduce the amount of AWG components required for the wavelength router, as discussed in section 2. Smaller channel spacing is preferable in reducing PPD, which is advantageous in terms of spectral efficiency. The limitation to channel spacing would then be crosstalk levels as in conventional AWG designing, where generally crosstalk level would be worse with smaller channel spacing.
The difference in using frequency-and wavelength-based channel grids are almost nonexistent when the frequency and wavelength spacings are roughly equal to each other at center wavelength, 0. However, when the channel spacings are fixed, the PPDmax changes depending on the center wavelength of the AWG design, as shown in Figs. 6(c) and 6(d). In the T-and O-bands, for a grid equally spaced in frequency, larger wavelengths exhibit more PPD, while for a grid equally spaced in wavelength, the shortest wavelength exhibits the largest PPD. Decision on the number of channels and channel spacing should then be based on the wavelength with the most PPD. Based on these calculations, the PPD would not be an important factor on deciding whether to use a channel grid equally spaced in frequency or wavelength. However, as far as the network architecture proposed in this paper is concerned, the channel spacing of WTLs and the designing of coarse AWGs would be two important factors to consider. WTLs are usually spaced equally in frequency while AWG's diffractive characteristics naturally diffract equally spaced wavelength on roughly equal physical spacing. Therefore, channel grid equally spaced in frequency and wavelength are advantageous for easier design and fabrication of WTLs and coarse AWGs, respectively.
AWG fabrication and evaluation for T-and O-band wavelength router
Based on the considerations described in section 3, we propose a full-mesh T-and O-band wavelength router based on a channel grid equally spaced in wavelength. Table 1 shows the design specifications of the coarse AWG and fine AWGs of all wavebands. The AWGs were based on silica waveguides with a  around 1.0%. All parameters are based on a spectral efficiency of 0.6 of the T-and O-bands, implying that 0.4 of the band will be assigned as guard bands. The value 0.6 was chosen based on previous reports of passband flattening, as described in subsection 3.2, and some calculations, in which it seemed reasonable when also taking account the AWG chip sizes and circuit layouts. The channel spacing of the grid is set to 0.2 nm. M and K are set to 23 and 47, respectively, making the wavelength router scalable up to 1081 channels with a total of 1,168,561 paths. Note that the channel spacing of the coarse AWG is 15.6 nm, while the FSR of the fine AWGs is only around 9.4 nm, which is approximately 0.6 of the coarse AWG channel spacing. Based on calculations, the normalized PPDmax of the fine AWGs for all wavebands ranges from 0.1 to 0.2. We fabricated and evaluated several coarse and fine AWGs. The AWGs are silica waveguides deposited on a silicon substrate and were fabricated using standard photolithography techniques. We managed to laid out two coarse AWGs into a 3 cm squared chip. Two fine AWGs were also laid out into a 3 cm squared chip. The coarse AWGs were designed to have a very wide Gaussian passband with a 1-dB bandwidth that covers 0.6 of every waveband, which is approximately 9.4 nm. This was achieved with a large tapered waveguide profile introduced at the input waveguide of the first slab. This design is with the assumption that waveband-specific bandpass filters based on cascaded MZI interferometers could be added to every output waveguide ports in the future for crosstalk suppression in neighbouring wavebands, as suggested in the previous section [37] . All AWGs were attached with optical fiber ribbon cables with a core diameter smaller than that of the C-band at the input and output ports. All of the fine AWGs are equipped with Peltier elements and thermistors to enable temperature tuning. Figures 7(a) and 7(b) show a transmission spectra of each one of the moduled coarse and fine AWGs. For the coarse AWG, the fiber-to-chip coupling loss is aroung 4 dB to 5 dB, depending on the wavelength, and insertion loss ranges from 4.3 dB to 5.6 dB. 1-dB bandwidth ranges from 11.0 nm to 13.4 nm, which covers the 9.4 nm of operational bandwidth of each waveband. Figure 7(b) show the transmission spectra of a fine AWG designed for the 5 th waveband. The center wavelength was designed to be at 1070.2 nm, but all of the passbands were shifted around +0.5 nm, mostly due to the mismatch between refractive indices used for calculation and the actual indices. Better accuracy is expected to be achieved in the future when feedbacks from current results are taken into account. The fiberto-chip coupling loss is around 4 dB, and insertion loss ranges from 3.8 dB to 5.7 dB. Crosstalk at neighbouring channels was measured below -25 dB. We also measured the temperature dependence of the fine AWG, where the wavelength shifts were 0.008 nm for every 1 C of temperature change. Another AWG module designed to operate in the 6 th waveband also exhibits similar characteristics. Based on this measurement results, the total of the coupling loss and insertion loss of the entire 3-stage wavelength router could be approximated to range aournd 26 dB to 30 dB. Although we only fabricated fine AWG modules in only two wavebands, the silica-based PLC is a very mature and reliable technology where the AWG parameters could be controlled with relatively high precision, and therefore would allow the realization of fine AWGs in all of the wavebands. The relatively large fiber-to-chip coupling loss is thought to be due to imperfect alignment resulted from using a non-T-band-specific laser. Calculation results show that the theoretical coupling loss is below 1 dB for the combination of optical fiber diameter and waveguide width used in the fabricated AWGs, and thus indicates that the fiber-to-chip coupling loss of each AWG in every stages could possibly be reduced by around 3 dB with better alignment. The transmission loss of the AWG itself is also expected to be reduced by around 1 to 2 dB with better design, making the total possible loss reduction of the 3-stage wavelength router around 12 to 15 dB in future fabrication. Gain-saturation characteristic and 3-dB gain saturation output power of QD-SOA1 for  = 1070.6 nm when injection current is 500 mA and optical input power is adjusted from 12.6 dBm to 0 dBm. On a side note, due to the insufficient optical power of our WTL, the gain-saturation characteristic of QD-SOA1 was measured by firstly amplifying the optical power using QD-SOA2. The lack of optical power also prevents us from measuring gain-saturation characteristics for other wavelengths.
Experimental setup and system evaluation
Experimental setup
To assess the feasibility of the proposed wavelength router, we set up the experimental testbed shown in Fig. 8 . The transmitter consists of a QD-WTL, a T-band-specific modulator, and a pulse pattern generator (PPG). The part intended as the wavelength router consists of the fabricated coarse and fine AWGs, as well as two fabricated T-band-specific QD-SOAs for loss compensation. The gain chip of the QD-SOAs is composed of an InAs QD core layer sandwiched in between a p-AlGaAs and an n-AlGaAs layer on top and bottom of it, respectively, with the n-AlGaAs grown on an n-GaAs buffer layer and a GaAs substrate. The QD-SOAs that are constructed using these gain chips are based on a 2-lens system consisting of a fiber collimator and a focusing lens to realize a structure insensitive to optical axis deviation resulting from temperature changes. The influence of temperature changes was also reduced by placing the gain chip and the focusing lenses on the same heat sink. Figure 9(a) shows the gain and noise figure (NF) properties of those QD-SOAs measured when the input optical power and injection current were -10 dBm and 500 mA, respectively. The gain of QD-SOA1 and QD-SOA2 both peaks at around 1065 nm with a gain of 6.4 dB and 8.7 dB, respectively. The 3-dB gain bandwidth of SOA1 and SOA2 are approximately 44 nm and 40 nm, respectively. From shorter to longer wavelength, the NF of both SOAs varies from around 11 dB to 7 dB. To our knowledge, these are the first QD-SOAs fabricated to operate in this wavelength region. Figure 9(b) shows the gain-saturation characteristic of QD-SOA1 for  = 1070.6 nm. The 3-dB gain saturation output power was around 13 dBm. As shown in Fig. 8 , QD-SOA1 is placed between the first coarse AWG and the fine AWG, while QD-SOA2 is placed between the fine AWG and the second coarse AWG.
The QD-WTL used as the optical source was also constructed using the same QD gain chip of the QD-SOAs. The QD-WTL is an external cavity laser consisting of the aforementioned QD gain chip, 3 pieces of band pass filters, and an etalon filter with 100-GHz of FSR, that realizes a 100-GHz spaced, single mode oscillation wavelength tuning ranging from 1030 nm to 1120 nm. The QD-WTL thus covers around 14 THz of the T-band, and covers from the 3 rd to 7 th wavebands of our proposed wavelength router. To our knowledge, it is also the first QD-WTL fabricated to operate in this wavelength region. Stabilization is performed by built-in isolator and temperature control mechanisms. The output power varies from 0 dBm to 8 dBm depending on the wavelength with the central region generally being higher. The typical laser linewidth (HWHM) is around 145 kHz. To manage optical polarization, polarization controllers were placed before the input of the modulator and both QD-SOAs. The QD-SOAs and QD-WTL are operated through a self-made application on a computer. All of the optical fibers used in this setup are single mode fibers with a core diameter of 5.8 m, which is smaller than the conventional C-band single mode fibers, to prevent multimode occurrence for the shorter wavelength.
Transmission demonstration
We modulated the optical output of the QD-WTL with pseudo random binary sequence (PRBS) with a sequence length of 2 15 -1 at 10 Gbps, injected the SOAs with 500 mA of current and measured bit error rate (BER) curves for various wavelength channels and routing paths. Figure 10 shows the measurement results. We achieved error free transmission for one wavelength in each of the 4 th , 5 th , and 6 th wavebands, which are  = 1054.8 nm, 1070.6 nm, and 1082.9 nm, respectively, as shown in Fig. 10(a) . These wavelengths cover around 7.4 THz ( 28 nm) of the T-band. The wavelengths beyond this bandwidth lacked the optical transmittivity due to lower QD-WTL output power, lower QD-SOA gain, and higher AWG losses to enable error free transmission. We also achieved error free transmission for several wavelengths of the 5 th waveband, as shown in Figs. 10(c) and 10(d) , to confirm the feasibility of using all of the wavelength channels throughout the 9.4 nm of operational bandwidth in each waveband. On a side note, although the operational bandwidth of the 5 th waveband is supposed to cover from 1066.0 nm to 1075.2 nm, we did not achieve error free transmission for wavelengths above 1073.6 nm due to the lack of optical transmittivity, i.e. losses of the coarse and fine AWGs are larger for the wavelengths at the edge of a waveband.
Furthermore, we also achieved error free transmission for several routing paths of  = 1070.6 nm, as shown in Fig. 10(b) , to confirm the feasibility of using various routing paths of the wavelength router. The power penalties for all of the wavelength channels that we measured range from 0.5 dB to 1 dB. The relatively highly varied power penalties is thought to be mostly due to measurement inaccuracy caused by the instability of the QD-WTL optical output power and the modulator, which was not equipped with any temperature stabilization mechanism. Future fabrication of QD-WTLs, QD-SOAs, and AWGs with better optical power, gain, and transmittivity, and temperature-controlled modulators would provide better power margin and allow the range of error free transmission measurement to be much broader with better measurement accuracy. Ultimately, the expected transmission loss reduction of around 12 to 15 dB for the wavelength router in future fabrication, as stated in section 4, would render the SOAs entirely unnecessary for the wavelength router, which is how the device is intended to be, as managing the polarization of very large number of SOAs is impractical. Better optical output power of the QD-WTLs would then extend the reach of the network.
Wavelength routing demonstration
We set up the experimental testbed as shown in Fig. 11 to perform wavelength routing within a waveband and inter-wavebands. When measuring within a waveband, the output of the first coarse AWG is connected to a fine AWG, where two outputs of the fine AWGs are then connected to two different coarse AWGs. Both outputs from the coarse AWGs, which represent two users, are then each connected to an O/E converter and simultaneously monitored on an oscilloscope. When measuring inter-wavebands, two outputs of the first coarse AWG are connected to two different fine AWGs, where one output from each of the fine AWG is then connected to two different coarse AWGs. Outputs from the coarse AWGs are then connected to an oscilloscope. The port number of the first coarse AWG outputs and second coarse AWG input should be consistent to the waveband in measurement. Ideally, the fine AWGs should also be those that are designed specifically for each waveband in measurement. However, as we only fabricated fine AWGs designed for the 5 th and 6 th wavebands at the moment, we used those AWGs accordingly with the appropriate input and output ports that transmit the desired wavelengths. Temperature adjustments were also done accordingly to raise transmittivity to proper levels for the measurement. QD-SOA1 and QD-SOA2 are each placed before the two fine AWGs' input for loss compensation. Ideally, the outputs after the fine AWGs should also be incorporated with QD-SOAs to replicate the setup on Fig. 8 , but we lacked the additional QD-SOAs, and our wavelength routing demonstration does not require modulated signal transmission and high optical power levels. waveband and inter-wavebands, respectively. The tuning time is measured from the point where the initial wavelength power falls to the point where the after-tuning wavelength power rises and maintains a stable state. The wavelength tuning time is mainly attributed to the QD-WTL having to adjust its bandpass filter angle, where larger wavelength tuning corresponds to larger angle adjustment, and a process of stabilizing the oscillation afterbandpass filter angle tuning, where a fixed amount of time is required everytime the wavelength is tuned. Figures  13(a) and 13(b) show wavelength tuning time within the 5 th waveband and between three wavebands, respectively. The amount of time required to tune the wavelength from the shortest to longest wavelength within the 5 th waveband was approximately 360 ms, with the tuning time increasing around 13.6 ms per 1 nm of wavelength shift. The end-to-end (shortest to longest or vice versa) wavelength tuning time within a single waveband, between 2 wavebands, and between 3 wavebands each averaged at approximately 350 ms, 500 ms, and 700 ms, respectively. Around 200 ms of each wavelength tuning time is attributed to the oscillation stabilization process, and is expected to be eliminated in future configuration. The time for bandpass filter angle adjustments is also expected to be cut in half, and thus shrinking the end-to-end wavelength tuning time within a single waveband, between 2 wavebands, and between 3 wavebands to approximately 75 ms, 150 ms, and 250 ms, respectively.
Conclusion
We proposed an ultra-broadband full-mesh non-blocking wavelength router scalable to encompass the entire 79 THz of bandwidth of the T-and O-bands combined. The wavelength router was implemented using 3 stages of cascaded coarse AWGs and fine AWGs and was based on a combination of waveband and channel routing. Based on various considerations, we designed the wavelength router to operate based on 23 wavebands and 47 channels within each waveband with a 0.2 nm channel spacing equally spaced in wavelength. The spectral efficiency of the proposed system was 0.6 as we introduced guard bands between the wavebands to relax the requirement of the coarse AWG passband flatness. The coarse AWG was designed to have a very wide 1-dB bandwidth. No AWG with particularly special modification were required to realize the proposed wavelength router.
We fabricated several silica-based coarse and fine AWGs with a  of around 1 % to evaluate the performance and demonstrate signal transmission through 3 stages of AWGs. The insertion loss of the coarse and fine AWGs were each around 4.3 dB to 5.6 dB and 3.8 dB to 5.7 dB, respectively. We also fabricated QD-based SOAs for loss compensation. The gain of QD-SOA1 and QD-SOA2 both peaks at around 1065 nm with a gain of 6.4 dB and 8.7 dB, respectively. The 3-dB gain bandwidth of QD-SOA1 and QD-SOA2 were approximately 44 nm and 40 nm, respectively. Furthermore, we fabricated a QD-WTL based on the same QD gain chip. The QD-WTL is 100-GHz-spaced tunable from 1030 nm to 1120 nm with an optical output power that varies between 0 dBm ~ 8 dBm. To demonstrate signal transmission, we setup a part of the wavelength router and modulated the optical signal with 10 Gbps of PRBS data. We achieved error free transmissions and measured the BER curves for most of the wavelengths in the 5 th waveband, and one wavelength each in the 4 th and 6 th wavebands. The power penalties for all those wavelength paths range around 0.5 dB to 1 dB. We also demonstrated wavelength routing and measured wavelength tuning time for cases of tuning within a single waveband and inter-wavebands. The end-to-end tuning time within a single waveband, between 2 wavebands, and between 3 wavebands each averaged at approximately 350 ms, 500 ms, and 700 ms, respectively.
Our measurements confirm the feasibility of using a 3-stage cascaded AWGs to realize a full-mesh wavelength router employed in the ultra-broad T-and O-bands using only conventional AWGs. Future works include improving QD-WTL optical power, QD-SOA gain, and AWG transmittivity to provide better power margin. Futhermore, considerations on utilizing AWGs with PPD suppressing structure should be made to reduce the number of AWG chips and interconnections. Further investigation on the best method of passband flattening suitable for this application should also be made to improve spectral efficiency. The number of wavebands and the number of channels in each waveband should then be optimized after considering the AWG layout, its chip size and level of integration, and AWG chip and interconnection count.
